as ES cells because they develop the ability to differentiate into the three major embryonic lineages and to produce teratomas. The developmental potential of these cells was confirmed by injection into blastocysts and detection of a high percentage of chimerism in the offspring. The team concluded that either SSCs are multipotent or, at least, the culture system allows them to revert to an uncommitted, undifferentiated state 7 . It should be noted that an earlier study in SSC culture from neonatal testis 8 was able to identify a population of cells similar to that derived from the adult testis. In this latter experimental paradigm, it could be conclusively determined that SSCs can dedifferentiate to a pluripotent state 12 .
Taken together, these reports demonstrate that gametogenesis can be attained in vitro and, conversely, that committed adult germ cells can revert to a pluripotent, ES-like stateboth remarkable accomplishments. But this is only the beginning, as the efficiency of the process is difficult to evaluate but in general seems quite low, and it must be improved for further development for therapeutic application. In addition, a surprising finding is the short time required to recapitulate germ cell differentiation in these in vitro gametogenesis models. At one extreme, only 72 h are sufficient to reach the haploid state in vitro 11 . Thus, more studies are warranted to clarify whether all the steps in the meiotic division (for example, the correct complement of chromosomes and their segregation in haploid cells, as well as the occurrence of recombination) are correctly executed differentiation (the mouse homolog of DDXR (also known as VASA)) and slightly different culture conditions were used. Although no functional data of the germ cells produced in vitro were provided, Toyooka et al. 5 showed that these embryoid body-derived germ cells can be transplanted under the adult testis capsule and form tubules containing germ cells at advanced stages of differentiation, including elongated spermatids and spermatozoa. These initial reports did not meet the gold standard of demonstrating that offspring are produced with these in vitro-derived germ cells; however, subsequent publications have shown that this is indeed the case. Notably, Wolfgang Engel and his collaborators were able to produce offspring by oocyte injection of in vitro-derived sperm-like cells, although their viability was compromised 11 .
The ES cell-germ cell transition is plastic, as the reverse transition occurs, as well. For example, adult spermatogonial stem cells isolated from the testis, under appropriate culture conditions, acquire a phenotype similar to that of undifferentiated ES cells 7 (Fig. 1b) . Guan et al. 7 used transgenic mice expressing EGFP under the control of a germ cell-specific promoter (Stra8) to isolate cells similar to SSCs. They then exposed these cells to different culture conditions and followed the appearance of markers of pluripotency 7 . Several cell lines were derived from these heterogeneous populations of cells, some of them morphologically similar to and expressing many of the markers of ES cells. Functionally, these cells behave
Making eggs: is it now or later?

Teresa K Woodruff
Although it has been thought that female mammals develop all the eggs they will ever have by the time they are born, new research suggesting otherwise has now sparked a debate. Although long held as true, the notion that females are born with a finite number of nonreplenishable oocytes is somewhat remarkable. How do eggs, made during embryonic life, 'last' so long? This traditional narrative of oogenesis was recently challenged; indeed, the paper by Johnson et al. 1 highlighted here suggests the radical notion that the adult ovary must and does have the capacity to create new oocytes. After it was published, the reproductive science community collectively asked, "How did we miss this?," and thus new studies were launched to validate these findings. To date, however, the overall evidence still favors the established dogma. Nonetheless, the field has been energized by this vigorous debate.
The purpose of germ cells, from pollen grains to mouse oocytes, is to produce future progeny and recreate the 'self ', not necessarily for the individual but for the species as a whole. Unraveling the mechanisms that drive germ cell development and persistence in mammals is fascinating and challenging. The prevailing dogma of mammalian reproduction states that females lose the capacity to produce germ cells during fetal development and are born with a finite number of follicle-enclosed oocytes, only a small number of which will be ovulated after puberty (Fig. 1) . Several recent studies from the laboratory of Jonathan Tilly at Harvard led to the hypothesis that adult mice are capable of regenerating oocytes, suggesting thetive interventions offer new options to young patients with cancer 19 . These include conventional hormone stimulation with embryo or egg cryobanking and ovarian tissue cryopreservation, with promising tissue transplantation and follicle maturation technologies also on the horizon (refs. 20-23 , and see the related News & Views on this topic on pages 1182-1184). Such strategies are welcome and exciting reproductive interventions that can be offered to those women who will have irretrievable damage to the resident ovarian follicles as a result of the treatment for their cancer.
It is hard to look back on the past four years and not appreciate the number of key discoveries that emerged as a consequence of this discourse. The field has moved forward by affirming what it knew-that making an egg is a biological puzzle that has yet to be entirely solved. New concepts about the essential characteristics of the oocyte, which include its ability to persist over long spans of time, provide the next generation of questions that can be solved by multiple groups bringing varied perspectives and experimental methods to the problem. Reproductive science and medicine have been strengthened by virtue of the discussion and are now poised to move to the next frontier. mental data collected over the past four years supports the nonrenewable germ cell pool theory. These findings show that circulating adult stem cells (provided through parabiosis) do not contribute to the ovulated follicle pool 10 , empty germ cell niches are not repopulated by newly formed oocytes 11 and markers of stem cells are absent in the postnatal ovary but do appear in the ovarian vasculature where stem cells are known to exist 12 . Additionally, mathematical models evaluating the kinetics of follicle transitions indicate that the canonical nonreplenishable follicle pool model describes empirical observations of follicle numbers better than models incorporating neo-oogenesis 13, 14 . Taken together, these papers teach against the idea that germline stem cells initiate neooogenesis in the adult animal and support the concept that female germ cells formed before birth are all that will be available from puberty to menopause. Thus, nature has given the female ovary a limited number of nonreplenishable eggs.
However, what if an occasional wandering stem cell, or a local one, was to transform into a germline stem cell in the adult? If such an event could be documented, that cell would face a high set of hurdles on its way to becoming a functional oocyte, including progressing from a proliferative cell to a meiotically arrested, follicle-enclosed cell. The hurdles heighten if this oocyte must eventually mature to an egg that can be fertilized and sustain embryogenesis. We know there is something unique about the embryonic gonad that supports oogonia proliferation. And we know that there is something equally singular about the adult ovary, which maintains the majority of oocytes in a quiescent pool. Some of the key factors involved in embryonic neo-oogenesis have been identified 15, 16 , and the field is looking forward to the next revelation of genes and mechanisms. There is equal interest in re creating oocytes from embryonic stem (ES) cells. Indeed, oocyte-like structures have been formed from ES cells in vitro, again creating a rich vein of investigation 17, 18 . These are the areas where reproductive biology is breaking new ground and creating new paradigms.
The publication of the initial adult oogenesis paper created a splash in the journal and in the media, suggesting that young women facing life-preserving but sometimes fertilitythreatening cancer treatments might have an option for restoring their fertility. However, the ability to repopulate the ovary with a bone marrow transplant or stem cell transfusion now seems unachievable. Despite this reality, a number of existing and emerging reproducexistence of adult germline stem cells 1, 3, 4 . These papers created a schism within the reproductive science community that is now coming to a resolution.
In humans, fewer than 300,000 of the original pool of about one million healthy oocytes present at birth survive to puberty 5, 6 . This number continues to decline throughout adulthood to the point of extinction around age 50, thus driving menopause. In a series of high-profile papers 1, 3, 4 , it was postulated that, at least in mice, the postnatal follicle cohort was dying so quickly that normal adult fertility could not be maintained if it depended solely on the follicle pool present at birth. Indeed, on the basis of this observation, a profoundly provocative statement was made that neo-oogenesis occurs in the adult mammal 1 . Moreover, it was posited that the source of the germline stem cells is tissue-based cells in the ovarian epithelium or, in a change from the first paper, from the bone marrow 1, 3 . More recently, the group has contended that the ovary contains germ cell niches (resident follicles) that can accept these cells and help them transform into oocytes 4 . On the basis of these studies, the authors suggest that the adult oocyte population is renewable and that this process is necessary to supplant an insufficient number of follicles formed during embryonic development.
The reproductive research community began to think critically about the experiments and their interpretation and to design studies to examine the provocative new ideas [7] [8] [9] [10] [11] [12] [13] [14] . Alternative interpretations of the data presented in the original papers and the absence of corroborating evidence of appreciable numbers of stem cells within the adult ovary were the first two hints that the original theories from last century may still stand. Indeed, the preponderance of experi- 
